The breakdown of cellular homeostasis and progressive neuronal destruction in cerebral ischemia ap pears to be mediated by a complex network of causes that are intricately interrelated. We have investigated a phys iological state existing normally in nature in which mam mals appear to tolerate the ordinarily detrimental effects of ischemia with reduced oxygen availability and to resist activation of self-destructive processes, i.e., mammalian hibernation. Ground squirrels (Spermophilus tridecemli neatus) were chronically implanted with arterial and ve nous catheters and telemetry devices for electroenceph alography, electrocardiography, and monitoring of body temperature. The animals were placed in an environmen tal chamber at an ambient temperature of 5°C. Entrance into hibernation was characterized by a drop in heart rate followed by a gradual decline in body temperature and an isoelectric electroencephalogram. Cold-adapted active animals that were not hibernating served as controls. Ce-
The mammalian brain is remarkably susceptible to the detrimental effects of diminished blood flow and reduced availability of oxygen and glucose. Ce rebral ischemia of a few seconds' duration leads to neuronal dysfunction, and neuronal damage be comes irreversible within minutes. Data from ex perimental (Garcia, 1992) and clinical (Hachinski and Norris, 1985; Petito et aI. , 1987; Heiss et aI. , 1992) studies suggest that following an acute isch emic stroke, neuronal damage continues to progress for periods of from several hours to days and this rebral blood flow (CBF) was measured in both groups with the autoradiographic [14Cliodoantipyrine method. Mean (±SD) mass-weighted CBF in the brain as a whole was 62 ± 16 ml/lOO g/min (n = 4) in the control group but was reduced to ischemic levels, 7 ± 4 ml/l00 g/min (n = 4), in the hibernating animals (p < 0.001). No neuropath ological changes were found in similarly hibernating ani mals aroused from hibernation. Hibernation appears to be actively regulated, and hormonal factors may be in volved. The identification and characterization of such factors and of the mechanisms used by hibernating spe cies to increase ischemic tolerance and to blunt the destructive effects of ischemia may enable us to prevent or minimize the loss of homeostatic control during and after cerebral ischemia in other species. Key Words: Ce rebral ischemia-Ground Squirrel-Hibernation Iodoantipyrine.
progressive injury could be amenable to therapy. No specific definitive therapy for human stroke is currently available, however.
Experimental therapies for stroke are generally directed at the control of one or, at most, a few factors or processes that might be responsible for the ischemic cell damage. There are, however, many such factors, including excitotoxins (Roth man and Olney, 1986), calcium (Siesj6 and Bengts son, 1989) , free radicals (Flamm et aI., 1978) , leu kocytes (Hallenbeck et aI. , 1986) , and eicosanoids (Gaudet et aI. , 1980) , and it may be that no single one of these is the dominating factor. Instead, all or many of these factors may be acting in concert in a network of intricately related minor causes without clear sequence or direction (Hallenbeck and Fre richs, 1993) . If so, the conventional search for a dominant mediator of ischemic cell death in stroke may be incompatible with the essential nature of the problem, which may, in fact, explain why experi-mental stroke therapies have failed thus far to show any convincing benefits at the clinical level and to become established as a standard of practice.
An alternative approach to the problem is to in vestigate states of natural tolerance to ischemia and reduced oxygen availability. Mammalian hiberna tion may be such a state. The current studies dem onstrate for the first time the enormous magnitude of the changes in cerebral blood flow (CBF) in ground squirrels in the transition from the active to the hibernating state. The continued investigation of hibernation may reveal mechanisms of homeo static regulation that permit brain cells to endure severe reductions in nutrient perfusion and oxygen availability despite severe cold stress with no ap parent cellular damage. These protective mecha nisms of homeostatic regulation may be inducible in other mammalian species exposed to cerebral isch emia and confer cellular tolerance to that state of imposed deprivation of blood flow and oxygen availability.
MATERIALS AND METHODS

Animals and chemicals
4-Iodo-[N-methyl-'4C]antipyrine (['4C]IAP; sp act, 53 mCilmmol) was purchased from Du Pont NEN (Boston, MA, U.S.A.). Thirteen-lined ground squirrels (Spermo phi/us tridecemlineatus) were captured in the autumn in Illinois by a USDA-licensed trapper (TLS Research, Bartlett, IL, U.S.A.) and shipped via aircraft to an animal housing facility on the National Institutes of Health cam pus, where they were immediately treated for external and internal parasites.
All animal studies were performed under a protocol approved by the National Institute of Neurological Dis orders and Stroke Animal Care and Use Committee.
Animal preparation for induction of hibernation and telemetry
The ground squirrels were housed individually in facil ities with an ambient room temperature of 21°C and a 12/12-h light/dark cycle. They were fed standard rodent chow and water ad libitum and weighed biweekly to mon itor the seasonal state of their circannual cycle. A weight gain, known to precede spontaneous entry into the hiber nating state, provided a guide in timing the surgical im plantation of telemetry devices and arterial and venous catheters. All experimental animals were studied during their hibernation phase, and control animals during their active phase.
The animals were fasted for 24 h, and then devices for telemetry and arterial and external jugular venous cathe ters were inserted under general anesthesia induced and maintained by the intraperitoneal injection of ketamine (7.5 mg/loo g body weight) and xylazine (1.06 mg/100 g body weight). The animals were depilated and scrubbed with hexachlorophene, and the surgery was carried out under strictly aseptic conditions in a laminar-flow oper ating suite. Instruments, materials, and drugs were either gas-sterilized or autoclaved. Procaine/penicillin G (90,000 J Cereb Blood Flow Metab, Vol. 14, No.2, 1994 IU) was administered at the time of surgery by intramus cular injection. Multichannel telemetry transmitters (TLlOM3-F50-EET; Data Sciences International, St. Paul, MN, U.S.A.) were slipped through a small incision on the back into a subcutaneous pouch. Two of the four electrode leads were sutured subcutaneously to the later al chest wall. The other two, with attached miniature screws, were tunneled subcutaneously underneath the scalp. Following closure of the incision in the skin of the back with 4-0 suture, the calvaria were exposed by a small incision in the scalp, and the screws attached to the two remaining electrode leads were implanted into bipa rietal burr holes in the skull while leaving the dura intact. The electrodes were cemented in place with methyl methacrylate, and the scalp incision was sutured. The animals were then turned on their backs, and catheters were inserted into the external jugular vein (Tygon tub ing; 0.375-mm I.D., 0.75-mm O.D.; Norton, Akron, OH, U.S.A.) and the femoral artery (PE1O; 0.28-mm I.D., 0.61-mm O.D.; Clay Adams, Parsippany, NJ, U.S.A.). The arterial catheter was standardized to a length of 140 mm. Both catheters were externalized on the back and sealed. Following closure of the incisions, the animals were allowed to recover for 2 days with free access to food and water. Any animal showing signs of infection, e.g., loss of body weight, behavioral abnormalities, etc., was killed with a lethal dose of pentobarbital.
Following recovery the experimental animals were placed in cages bedded with wood shavings within a cold chamber (hibernaculum) that was kept at 5°C, at 60% humidity, and in constant darkness, except for a photo graphic red safe-light (3-5 lux). These environmental con ditions approximated those to which these animals are normally exposed in the winter season. In this environ ment the squirrels would begin hibernating variably from 1 to 7 days. The chamber could be entered only through a darkened anteroom, and noise within the chamber was kept to a minimum. The cages were placed on high-band multichannel receiver platforms (RM1000, Data Sciences International). All physiological data transmitted to the receiver were collected by a computerized data acquisi tion system and stored routinely at hourly intervals (Dataquest IV, Data Sciences International). This inter val could be shortened to 10 min if needed. Accumulated data could be interrogated remotely via a modem and system-sharing software. The arterial and venous lines were flushed every other day with heparinized saline (10 USP U/m!).
Thirty squirrels prepared as above were used to ob serve behavior and to measure the dynamics of cardio vascular and electroencephalographic (EEG) changes and hematologic variables during entrance into and arousal from hibernation. Eight of these underwent the procedure for measuring cerebral blood flow. In four animals, fem oral venous blood samples were drawn during the active state and during hibernation for complete and differential blood cell counts; the citrated blood samples (0.3 ml) were divided for analysis by a Coulter cell counter (Coulter Electronics, Hialeah, FL, U.S.A.) and for dif ferential cell counting on Giemsa-stained smears. Five of the thirty animals were killed by a lethal intraperitoneal dose of pentobarbital, and the brains were perfused via the left cardiac ventricle with heparinized saline followed by phosphate-buffered formalin (13%, pH 7.4). These brains were then embedded in paraffin, and serial coronal sections (6 fLm thick) were stained with cresyl violet for histological analysis, neuroanatomical comparisons with other rodents (Joseph et aI., 1966; Paxinos and Watson, 1986) , and identification of major structures in the brain to facilitate the analysis of autoradiographs.
Measurement of other physiological variables
Mean arterial blood pressure was measured with a Mi cromed blood pressure analyzer (Micromed, Louisville, KY, U.S.A.). Arterial P02 and Peo2 and pH were mea sured with a blood gas analyzer (Model 288; Corning Medical, Medfield, MA, U.S.A.) at 37"C and corrected to the body temperature of the animal at the time of sam pling, with the constants for gas solubility at various tem peratures and the pH-temperature coefficient in the man ner employed by Kelman and Nunn (1966) .
Determination of local CBF (lCBF)
Procedure. lCBF was determined by the [14C]IAP method (Sakurada et aI., 1978) . The basic operational equation of this method is as follows:
(1)
where Ci(T) equals the concentration of 14C in tissue i at time T, the time of killing; A is the tissue:blood partition coefficient for lAP and equals 0.8 in all regions of the brain; and Ca(t) is the arterial concentration of [14C]IAP in the arterial blood at any time t after initiation of the administration of the tracer. Ki is an exponential constant defined as follows:
where Fi equals the local rate of blood flow per unit mass, Wi' of tissue i, A is the same tissue:blood partition coef ficient as in Eq. (1), and m is a constant between 0 and 1.0 that reflects the effects of diffusion limitations of the tracer and/or arteriovenous shunts. With all but very high rates of blood flow, m for [14C]IAP is generally taken to be equal to 1.0.
The experimental procedure was designed to determine all the measurable variables in Eq. (1) needed to compute the rate of local blood flow.
lCBF was determined in four animals during deep hi bernation and during the active state in an equal number of cold-adapted animals. [14C]IAP was dissolved in nor mal saline just before the measurement of ICBF. All mea surements were carried out in the environmental chamber under the photographic safe-light. Active squirrels, which had been in the chamber for at least 5 days, were trans ferred to a plastic tube restrainer, which allowed some movement of the animal. Hibernating animals were lifted out of their cages by means of specialized cage inserts and placed on a cart within the chamber. Care was taken not to submit the animals to any shocks or vibrations that might arouse them. Arterial and venous lines were usu ally accessible on the back of the animal, where they could be manipUlated without touching it. Telemetric monitoring of the electrocardiogram (ECG), EEG, and body temperature was continued on-line until the end of the experiment. Arterial blood pressure, gas tensions, and hematocrit were measured before the beginning of the measurement of ICBF. The period of ICBF measure ment was about 1 min in duration in the active animals; in the hibernating animals this period was extended to about 2 min because of the lower blood flow and, therefore, slower uptake of the tracer and the far greater lag and slower washout in the arterial sampling catheter (see be low). In the hibernating animals 50 J,LCi of [14C]IAP was infused intravenously at a constant rate of 0.5 mllmin; in the active animals the same amount of tracer was infused at a rate of 1 mllmin. Throughout the infusion of [14C]IAP timed arterial blood samples were collected directly on filter-paper disks in small plastic beakers that had been weighed previously. Because individual drops from the catheter tip under the relatively low arterial pressure of the hibernating squirrels were too widely spaced in time, blood samples had to be collected as smears on succes sive disks, with the times noted for the start and end of the smear on the paper. In this way 8-10 timed arterial samples could be collected during the lAP infusion. After collection of each blood sample, the beaker was immedi ately sealed to avoid evaporation and reweighed to deter mine the size of the blood sample by the difference from the previous weight. At the end of the infusion the ani mals were decapitated, and the brains were removed within 60 s and frozen in isopentane at -40°C. A final blood sample was withdrawn from the arterial catheter immediately after decapitation to be used in the correc tion for the lag in the catheter (see below). The filter papers were suspended in 10 ml of phosphor scintillation fluid (Aquasol; NEN Du Pont) and 1 ml of distilled water. Following an elution time of 24 h, the amount of 14C was measured with a liquid scintillation counter (Model LS 225; Beckman Instruments, Fullerton, CA, U.S.A.) with external standardization. The concentrations of 14C (J,LCi/ m!) in the blood samples were calculated from the amount of 14C in the sample, the weight of the sample, and an assumed value for the specific gravity of blood of 1.05 glml.
Measurement of local tissue 14C concentrations. The local brain tissue concentrations of 14C were determined by quantitative autoradiography. The frozen brains were serially cut into 20-J,Lm-thick sections in a cryostat (Hacker Instruments, Fairfield, NJ, U.S.A.) maintained at -22°C. The sections were thaw-mounted on glass cov erslips, dried at 60°C, and autoradiographed on OM-l film (Eastman Kodak, Rochester, NY, U.S.A.) together with a set of calibrated [14C]methylmethacrylate standards (Amersham, Arlington Heights, IL, U.S.A.); the stan dards were used to relate the tissue 14C concentration (J,LCi/g) to the optical density in the autoradiographs. Quantitative densitometry of the autoradiographic images was carried out with a McIntosh computer-based image analysis system (Image; W. Rasband, National Institute of Mental Health, Bethesda, MD, U.S.A.).
Correction fo r catheter lag and washout. Ca(t) in Eq. (1) is the tracer concentration that actually exists in the arterial blood of the animal at time t. The time course of the arterial concentration determined from blood samples collected at the distal end of the arterial catheter, how ever, lags behind that of the arterial blood in the animal by the transit time through the catheter, and it is also distorted by the dilution and washout of the catheter dead space. The slower the flow of blood per unit volume of dead space in the catheter, the greater are the effects of the lag and washout. It was, therefore, particularly im portant in the current study to correct for these potential sources of errors because of the effects of using catheters with small bores and the low arterial blood pressures and, therefore, slow catheter flow rates in the hibernating squirrels. Freygang and Sokoloff (1958) proposed a method to correct for the effects of both catheter transit time and washout in the determination of lCBF that is applicable to catheter systems with approximately monoexponential washout. Jay et al. (1988) used this technique to measure ICBF in mice and presented a comprehensive description of the theory and procedure of the corrections, but un fortunately, the usefulness of their published report has been limited because of a number of serious errors in the printing of the mathematical equations. Because of the critical requirement for such corrections in the present and in many other applications of the [14C]IAP method, we are recapitulating some of the analysis made by Jay et al. (1988) .
To correct for the effects of the lag and washout of the arterial catheter, it is necessary to know the dynamic properties of the sampling system. These were deter mined experimentally on catheters with a bore and length (PE1O; 0.28-mm I.D., 0.61-mm O.D., 140-mm length) identical to those used in the blood flow experiments. The catheters were first filled with nonradioactive heparinized blood and then connected to a 5-ml syringe filled with heparinized blood containing 0.2-0.5 f,LCi/ml of [14C]lAP. The syringe was mounted in a perfusion pump (Model 2400-003; Harvard Apparatus Co., South Natick, MA, U.S.A.), and the catheter was perfused continuously at a selected rate for approximately 1 min, while discrete timed blood samples were collected continuously from the free-flowing distal end. The blood samples were col lected on filter-paper disks and assayed for 14C concen trations as described above. The range of flow rates ex amined was 18-293 f,LUmin, which covered almost the full range of catheter flow rates encountered in the determi nations of ICBF in the squirrels.
The transit or lag times (.�t) in traversing the catheters were readily determined from the time courses of the con centrations in the samples collected from the catheter; they equal the delays between onset of perfusion and ap pearance of 14C in the blood exiting the catheters. The lag time could also be reasonably approximated by dividing the volume of dead space in the catheter by the flow rate through the catheter and, therefore, varied with the flow rate; the higher the flow, the shorter the lag. The lag times found in the calibration experiments varied between 0.034 and 0.269 min. In the experiments in which ICBF was measured in the squirrels, the catheter flow rate was es timated from the total volume of arterial blood sampled during the experimental period divided by the duration of the period; the lag time was then calculated by dividing the dead-space volume of the catheter by the flow rate.
The factor needed to correct for the distortion of the arterial input function by the washout of the catheter dead space is the exponential rate constant of that washout, provided, of course, that the washout is monoexponen tial. These rate constants for the various flow rates were determined in the same experiments from which the lag times were derived. It was found that after the initial lag due to the transit time within the catheter, the concentra tion time course of the 14C concentration in the catheter output could be reasonably well fitted by a single exponential function as follows:
where Ca represents the constant 14C concentration in the J Cereb Blood Flow Metab, Vol. 14, No. 2, 1994 blood in the syringe and the input at the arterial end of the catheter, C� is the measured 14C concentration in the blood exiting at the distal end of the catheter, and r is the exponential rate constant (e.g., clearance constant) for the catheter dead space. t is the time after the turning-on of the pump and the initiation of perfusion of the catheter after correction for the transit time in the catheter either by shifting the time scale for the output curve to the left by the value of the transit time or by subtracting the lag time from the time of each of the samples as follows:
where t' is the measured clock time, and A.t is the transit time through the catheter. Algebraic rearrangement of Eq.
(3) yields
(1 -C'jCJ = er t
which, when plotted semilogarithmically, yields a straight line with a slope equal to r. In all the catheter calibration experiments the semilogarithmic plot of the data did yield a curve that closely approximated a straight line, validat ing the assumptions of adequate turbulent flow and mix ing within the catheter dead space and a monoexponential washout of the catheter. The values of r were determined directly from the slopes or from the half-times in the semi logarithmic plots as follows:
where T1/ Z equals the half-time.
The values of r were plotted against the rates of cath eter flow and found to be very close to linearly related over the range of flow rates examined (Fig. 1) .
Computation of ICBF. Freygang and Sokoloff (1958) modified the original operational equation of the ICBF method to include the exponential constant r for the washout of the arterial catheter:
C;( D= A[ K;e-q JoT C�(t) e K ;ldt (1 -K;lr) + (K;lr)C�(n]
where C�(t) represents the experimentally measured arte- rial concentration at any time t [i. e. , clock time corrected for lag time in the catheter according to t = (t' -�t) as described in Eq. (4)]; r is the exponential constant for the catheter washout for that particular flow rate in the cath eter and the other symbols are the same as in Eq. (1). In practice, the lag time was calculated by dividing the dead space of the catheter by the flow rate in the catheter and subtracted from the clock time at which each of the sam ples was drawn. The catheter flow rate was calculated by dividing the total amount of blood exiting the catheter during the experimental period by its duration, and r was determined from a best-fitting linear regression between the experimentally determined r and the catheter flow rate, estimated as above (Fig. 1 ). K; was then determined by Eq. (7), and ICBF was calculated from K; by Eq.
(2). It can be seen from Eq. (7) that the impact of the cor rection on the estimate of ICBF varies with the value of r and the rate of blood flow in the tissue. For a given rate of tissue blood flow, the greater the value of r. the smaller the influence of the correction on the calculated blood flow, and conversely, for a given value of r. the greater the tissue perfusion rate, the greater the magnitude of the correction. Under conditions in which the catheter flow rate is very low and/or the tissue perfusion rate very high, the corrections can be quite substantial, a fact that is often overlooked in applications of methods of measuring ICBF.
Determination of weighted-average blood flow in the brain as a whole. The average blood flow in the brain as a whole is equal to the average of the rates of blood flow in all its component structures appropriately weighted for their contribution to the total mass of the brain. The mass-weighted average blood flow in the brain was deter mined for each brain by means of the image-processing system according to the following equation:
where ICBF; is the rate of blood flow in pixel i. and n equals the total number of pixels for the entire brain.
Statistical analysis
Differences in rates of blood flow and physiological variables between the active and the hibernating states were analyzed by Student's t test for independent sam ples.
RESULTS
Changes in behavior and systemic functions during hibernation
Behavior. Following transfer into the cold cham ber, the animals usually entered into episodes of hibernation within days during the hibernation sea son, which is normally between late fall and early spring. Hibernation was not, however, restricted exclusively to the cold season. Animals kept in the cold chamber also exhibited periods of hibernation at any time during the year, but less frequently and for shorter durations in the off-season than in the hibernation season. Also, as noted previously (Landau and Dawe, 1960; Pengelley and Fisher, 1963) , some animals kept at normal room tempera ture during the natural hibernation season lowered their body temperature to just above the ambient temperature; this phenomenon might be considered "partial hibernation." Blood elements. Circulating white blood cells and platelets, but not red blood cells, were drastically reduced in number during hibernation ( Table 1) Physiological variables. There were a number of marked systemic changes during deep hibernation ( Table 2 ). The heart rate decreased from 350-400 to 6-25 bpm; the mean arterial blood pressure fell from an average of 139 to 28 mm Hg; the body tempera ture dropped to 5.5-7°C, slightly above the ambient temperature; and the EEG became isoelectric (Ta ble 2, Fig. 2) . The ECG remained normal during hibernation except for the bradycardia and conduc tance slowing (Fig. 2) . The time courses of the de clines in body temperature and heart rate during entrance into hibernation differed, as did their res torations toward normal during arousal; in both cases the changes in heart rate were about twice as rapid and preceded the changes in body tempera ture ( Fig. 3) . Arterial blood Po2, Pco2, and pH were in the normal physiological range in both groups but tended to be slightly lower in hibernation; this dif ference was not statistically significant ( Table 2) .
Hematocrit and plasma Na + concentration were unchanged, but plasma K + concentration was markedly reduced in hibernation, to a degree that could have serious functional ramifications in active animals ( Table 2) . Body weight also tended to be lower in the hibernating animals, but the difference was not statistically significant.
ICBF
Corrections for catheter lag and washout. The flow rates in the arterial catheters in the active and hibernating animals varied between 33 and 311 J.11/ min and were essentially in the range covered by the calibration experiments (Table 3 ). The lag times were longer and the r values lower in the hibernat ing than in the nonhibernating animals, indicating the importance of correcting for the distortions in troduced by the catheter sampling system (Table   3B ). Failure to correct for lag and washout with catheter systems like those used in these experi ments could result in errors in the estimation of ICBF as great as 30% (Jay et aI., 1988) .
Distribution of ICBF. Representative [
14 C]IAP autoradiographs of brain sections of active and hi bernating squirrels demonstrate that the distribu tion of ICBF in active ground squirrels was quite heterogeneous among various neuroanatomical structures and comparable to those of normal con scious rats (Sakurada et al., 1978) and mice (Jay et al., 1988) (Fig. 4A) , whereas in hibernating animals blood flow was more homogeneous (Fig. 4B) . The distribution of blood flow in the cerebral cortex was patchy, with preferential perfusion of middle corti cal cell layers.
Rates of CBF. ICBF in the active animals ranged from -25 ml 100 g -1 min -1 in white matter struc tures to 108 mlloo g-1 min -1 in the inferior colliculi (Table 4 ). In the hibernating animals ICBF varied from 3 mlloo g-1 min-1 in white matter structures to 17 ml 100 g -1 min -1 in the inferior colliculi.
Average blood flow (±SD) in the brain as a whole in the hibernating animals was reduced to about 1/10 (7 ± 2 ml 100 g-1 min -1 ) of the level in active animals (62 ± 18 ml 100 g-1 min -1 ) (Table 4) .
Histology
No neuropathological abnormalities could be seen by light microscopy of cresyl violet-stained sections of brains obtained during hibernation and following arousal (Fig. 5) .
DISCUSSION
The primary purpose of the present study was to investigate the changes in ICBF that occur in ground squirrels during natural hibernation. We are not aware of any other reports of quantitative mea surements of CBF during hibernation in any spe cies. Entrance into hibernation is characterized by precipitous cardiovascular changes followed by a more gradual decline in body temperature. The re sults demonstrate that during deep hibernation blood flow is enormously depressed in all structures of the brain to levels that would rapidly lead to ir reversible structural brain damage in nonhibernat ing species (Astrup et al., 1981) . The hibernating ground squirrels are apparently tolerant of such low levels of cerebral perfusion; they can remain in this state for weeks without any adverse effects on brain function or histology. The levels of cerebral perfu sion are the lowest ever reported in mammals under conditions that are physiologic for the species.
lCBF Blood flow was reduced by -80-90% in all of the 41 structures in which it was measured, but from examination of the autoradiographs it was apparent that no structures were spared. There were, how ever, some structures in which the magnitude of the reductions seemed to be less. Whereas most of the reductions were close to 90%, the reductions in the medial habenula and cerebellar nuclei were only 82%. Partial preservation of perfusion of the medial habenula might be of some functional significance.
The projections of the medial habenula are almost exclusively to the interpeduncular nucleus by cholinergic and peptidergic (substance P) pathways via the fasciculus retroflexus (Eckenrode et aI., 1992) , and the reduction in ICBF in the interpedun cular nucleus during hibernation was also less (e.g., 84%) than in most structures. It is of interest that both structures have been implicated in the regula tion of sleep Haun et aI., 1992) , and hibernation has been hypothesized to oc cur as an extension of sleep (Heller et aI., 1978) .
It is generally accepted that CBF, energy metab olism, and functional activity are coupled, and it has been shown that ICBF and glucose utilization are closely correlated (Sokoloff, 1978) . No data on local cerebral rates of glucose utilization in active and hibernating ground squirrels are currently avail able, but relative changes in deoxyglucose uptake in hibernating ground squirrels have been examined autoradiographically (Kilduff et aI. , 1982) . Struc tures were ranked according to their optical densi ties without knowledge of the input function (i. e. , the history of the tracer concentration in the arterial blood), which is essential for analyzing rates of glu cose utilization. Thus, these results provide no in formation on absolute rates of glucose metabolism. The blood flow reduction observed in this study is of the same order as the reduction in metabolic rate reported in the literature for the hibernating ground squirrel, 4-8% of normal resting levels (Geiser, 1988) .
Depression of cellular functions in hypothermia and hibernation-breakdown vs preservation of homeostasis
Hibernation is associated with profound hypo thermia, and the possibility must be considered that it is the hypothermia that is responsible for the tol erance to ordinarily ischemic levels of cerebral per- (Busto et al. , 1987 (Busto et al. , , 1989 Minamisawa et al. , 1990; Ginsberg et al. , 1992; Kuluz et al. , 1992) and in head injury (Clif ton et al. , 199 1; Jiang et al. , 1992) and, in fact, is used clinically in neurosurgery to extend the period of tolerance to necessary transient periods of cere bral ischemia (White, 1978; Williams et al. , 199 1) .
Cooling to levels of 16°C during cardiac surgery in children with congenital heart disease has permitted circulatory arrest for up to 75 min before resuming cardiopulmonary bypass and rewarming (Tharion et al. , 1982) . The effects of moderate hypothermia in focal cerebral ischemia are, however, not yet clear (Moyer et al. , 1992; Ridenour et aI. , 1992) . In general, most mammals are not tolerant of pro found levels of hypothermia seen in hibernating squirrels. The maximum duration of hypothermia survived by mammals is inversely related to the magnitude of hypothermia. While moderate levels of hypothermia (30-35°C) may be survived for weeks, profound reductions of body temperature, to 4-8°C, may be tolerated only for minutes before successful resuscitation becomes impossible (for re view see Popovic and Popovic, 1972; Willis, 1987) . A variety of mechanisms could contribute to organ failure during prolonged, deep hypothermia (for re view see Musacchia, 1984; Hochachka, 1986; Wil lis, 1987; Storey and Storey, 1990) . Artificially in duced hypothermia lowers the rate of all cellular and metabolic processes in an undifferentiated ther modynamic manner (Michenfelder and Theye, 1968) , which disrupts metabolic regulation and af fects the properties of key regulatory enzymes, membrane transport, and receptor functions (Sto rey and Storey, 1988) . In fact, analogies exist be tween the detrimental effects of induced hypother mia and reduced availability of oxygen and glucose. Both conditions are characterized by an uncoupling of energy generating processes and membrane func tions (Hochachka, 1986) . Among many others, one critical element influenced by this mismatch is ion regulation: Potassium is lost by cells at low temper atures due to K + leakage, which is less dependent on temperature than ATP-dependent K + accumu lation. The K + leakage is primarily through the Ca 2 + -activated K + channel, and increased rates of leakage can be detected in red blood cells at tem- peratures below 22°C but becomes most pro nounced at temperatures below lOoC (Willis, 1986) . Subsequent partial membrane depolarization opens voltage-gated Ca 2 + channels (Hochachka, 1986) .
FIG . 4. [14C]IAP autoradiographs of brain sections showing the distribution of relative local rates of blood flow in active (A) and hibernating (8) ground squirrels. In active animals (A), blood flow distribution is heterogeneous, as reflected by the differences in the color-coded optical densities. In hibernating animals (8), blood flow is distributed more homogeneously among the different brain regions, although some heterogeneity is preserved. Blood flow to cortical regions is patchy and favors middle cortical layers.
Elevation of intracellular Ca 2 + by this and other mechanisms activates phospholipase A 2 , and mem brane phospholipid hydrolysis ensues, which is known to proceed even at very low temperatures (Hochachka, 1986) . This further enhances the mem brane perturbation until it finally becomes irrevers ible and leads to the demise of the cell. Clearly, profound hypothermia alone is not the metabolic inhibitor and cerebroprotective agent of choice.
In contrast, the natural hypothermia that occurs in hibernation is survived for weeks, and membrane functions are maintained despite the greatly de pressed metabolism. Respiratory functions of or gans, such as heart and skeletal muscle, are pre served, and particularly the functional integrity of the brain and peripheral nerves is protected without loss of ion gradients (Willis, 1979) . The transition into hibernation presents the dual challenge of re ducing body temperature while maintaining homeo stasis of metabolic processes. The reduction of body temperature has to involve at least two pro cesses: a change in the hypothalamic set point and a decrease in the heat output from cells. Heldmaier and Ruf (1992) have demonstrated that hibernation in hamsters is initiated by a rapid suppression of the metabolic rate, which precedes a gradual decline in body temperature, indicating that the hypothermia of hibernation is the result and not the cause of metabolic suppression. Reduction of energy metab olism can be achieved by modification of the activ ities of some key enzymes, and such changes have been reported to occur in phosphofructokinase, py ruvate kinase, and glycogen phosphorylase as a re sult of phosphorylation and dephosphorylation re-FIG. 5. Histological section through the CA-1 sector of the hippocampus of a brain during hibernation (stained with cresyl violet; original magnification x 1 00). No abnormalities were noted in this or any other struc ture of the brain.
actions (Storey, 1987) . Similar mechanisms may be operating in the modification of activities of mito chondrial enzymes to suppress thermogenesis in the entrance into the hibernating state. Isolated liver mitochondria were observed to have a greatly in hibited succinate-oxidase linked oxygen consump tion at both 4 and 37°C compared to liver mitochon dria from nonhibernators (Pehowich and Wang, 1984) . The QIO in hibernators at temperatures above lOoC is higher than the 2-3 characteristic of the ef fect of cold on enzyme kinetic rates (Geiser, 1988) . Interestingly, "enforced" hypothermia in animals that are capable of hibernation is tolerated just as poorly as by nonhibernating mammalian species. This can be demonstrated in vivo (Mendler et aI. , 1972; Prewitt et aI., 1972) as well as in isolated or gans such as the heart (Caprette and Senturia, 1984) . Clearly, hibernation is different from simple hypothermia and must involve active regulation. Active regulation may also be suggested by the rapid, massive, and fully reversible reduction of cir culating white blood cells and platelets during en trance into hibernation reported here and observed by others (Lechler and Penick, 1963; Spurrier and Dawe, 1973) . This may constitute one of the mech anisms to adapt to this low-flow state, since neutro phils and macrophages have been shown to partic ipate in the propagation of damage following central nervous system (CNS) ischemia (Hallenbeck et aI. , 1986; Giulian and Robertson, 1990) . Platelet seques tration in the spleen has been reported as a major factor in the reversible reduction of circulating platelets during hibernation (Reddick et aI. , 1973) .
During hibernation, ventilation is greatly reduced and extracellular pH is maintained at relatively con stant levels near pH 7.4, despite a 30°C or greater reduction in body temperature. In general, pH tends to become more alkaline during hypothermia so that the ionization of proteins remains fairly con stant (alpha imidazole regulation). The maintenance of pH 7.4 during hibernation involves a pronounced respiratory acidosis compared to the euthermic state since the neutrality of water increases from approximately 6.90 at 37°C to pH 7.40 at 5°C (Ma lan, 1986; Reeves, 1977) . This acidosis may be a factor contributing to suppression of the metabolic rate during hibernation (Wang, 1988) .
Hibernation-clues for interventions in
CNS ischemia
In general, most current concepts of the patho genesis and therapy of stroke and cerebral ischemia are based on an assumption that one or a few fac tors account for most of the ischemic damage. Given the complexity of the pathophysiological de rangements in ischemia, it may well be that no one factor is dominant and that the progression of isch emic damage is caused by a loss of homeostatic control (Hallenbeck and Frerichs, 1993) . A break down of homeostasis is manifested in a variety of pathophysiological complications in diverse cellular systems, such as, for example, neuronal hyperex citability, breakdown of ionic gradients in glia and neurons, activation of circulating inflammatory cells, and conversion of the endothelium from an anti-to a procoagulant state. Thus, the design of therapy in stroke may more effectively be based on an unconventional approach. Instead of trying to interfere with individual components of the deteri oration, it may be useful to adopt procedures de signed to reestablish homeostatic conditions. Mam malian hibernation presents an extraordinary exam ple of a natural ability to preserve homeostasis in a variety of cellular systems under extreme condi tions. Our own data, as well as those of earlier re ports, suggest that entrance into hibernation is an actively controlled process. Moreover, ground squirrels undergo profound circannual physiolog ical changes in a variety of systems, including en docrine and reproductive functions (for reviews see Lyman and Chatfield, 1955; Wang, 1988; Neder gaard and Cannon, 1990; Storey and Storey, 1990) . These long-term changes, however, are not essen tial for hibernation, which is indicated by spontane ous "nonseasonal" hibernation. Thus, it would seem that the tolerance to ischemia in hibernation depends on the short-term activation of the homeo static control mechanisms, which regulate the inter-action and coordination of cellular functions within a variety of physiological systems.
Candidates for the role of such regulators have been proposed and could be hormone-like mole cules with pleiotropic effects. One is the "hiberna tion induction trigger," which was invoked to ac count for the apparent induction of "summer hiber nation" in ground squirrels that were transfused with blood from hibernating animals (Dawe and Spurrier, 1969) . Another is a metabolic inhibitor, later named "antabolone," which was postulated to be present in brain extracts from hibernating ground squirrels (Swan and Schatte, 1977) . Infusions of such extracts decreased oxygen consumption in rats. The chemical nature of either factor has, how ever, never been defined. The phenomenon of the hibernation induction trigger may have been due to the inappropriate use of the so-called summer hi bernation bioassay in ground squirrels. This assay, which was devised to detect hibernation factors, was recently found to be nonspecific, and summer hibernation can be observed with or without any interventions (Wang et ai. , 1988) . This does not ex clude the possible presence of a circannual trigger or "zeitgeber" of hibernation inasmuch as partial hibernation does sometimes occur at normal room temperature during the hibernation season.
The elucidation of the mechanisms and the fac tors that control the regulated depression of cellular functions in mammalian hibernation may provide new insights and open new directions for the treat ment of neuronal damage in cerebral ischemia.
